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Infragravity Wave Generation by Wind Gusts

T. Vreé¢ical' "', R. Soffer!'" ', and Y. Toledo!

1School of Mechanical Engineering, Tel-Aviv University, Tel Aviv, Israel

Abstract Through the analysis of propagation times of infragravity wave packets along ray paths,
reanalysis data, and our field measurements in the East Mediterranean, we find evidence of deep water
infragravity wave generation by offshore storms. We confirmed the results also using deep water pressure
cell measurements in the Pacific. The known nearshore generation mechanism showed large
discrepancies with the observed infragravity energy near Aogashima, Japan, during winter. A new model
of deep water infragravity wave generation is developed, based on nonlinear interactions of wind wave
triads with submesoscale wind oscillations. The observed underprediction of infragravity waves is resolved
using this new gustiness-based model. The new source term is found to be of importance during strong
storms in the open ocean and underlines the importance of accounting for submesoscale wind oscillations
in wind wave models.

Plain Language Summary Ocean infragravity waves are surface waves with periods, lengths,
and speeds much greater than the ones of wind waves and lower than those of tides. The primary
generation mechanisms are related to shoaling and breaking of nearshore wind waves. A common
assumption is that the origin of deep water infragravity waves is the reflection from near or far coastlines.
By analyzing pressure cell measurements and wind and wave model data, we found evidence that deep
water generation mechanisms also play a significant role. We present a new process connecting seemingly
unrelated phenomena of the comparably slow wind gusts and very fast infragravity waves through
nonlinear resonances. Its implementation compensated for underestimations of modeled infragravity
waves in deep waters of the Pacific. Besides additional energy, the newly found mechanisms introduce
also new frequencies and directional properties which may play a significant role in numerous situations.
Infragravity waves are the main cause of harbor resonances. They are also related to various other fields
such as sediment transport, altimetry measurements, wave-ice sheet interactions, and Earth's hum.

1. Introduction

Infragravity (IG) waves are an interesting physical phenomenon remarkably similar to tsunamis in deep
waters, while their amplitudes are much smaller. They are thought to affect altimetry measurements
(Ardhuin et al., 2014) and are coupled to various physical processes such as sediment transport (Aagaard
& Greenwood, 1994), breaking of ice sheets in the Pacific (Bromirski et al., 2010), and the Earth's hum
(Rhie & Romanowicz, 2006). They are also detrimental for harbor design as they can resonate within its
bounds (Zhang et al., 2016). While the study of IG waves has been ongoing for a long time (Tucker, 1950),
only recently was it extended to deep waters (Aucan & Ardhuin, 2013; Godin et al., 2013) due to technical
difficulties of measuring these waves at large depths. There are various known nearshore IG waves gen-
eration mechanisms, as discussed in Herbers et al. (1994, 1995); Schiffer (1993); Symonds et al. (1982);
Longuet-Higgins and Stewart (1962). Some deep water mechanisms are known and explored in Sugioka
et al. (2010), Uchiyama and McWilliams (2008), and de Jong and Battjes (2004). A common assumption is
that the source of deep water IG waves is the reflection of the nearshore generated IG waves from far coast-
lines. The operational reflection model (Ardhuin et al., 2014) treats all coastlines as sources of IG waves,
which generate uniformly distributed IG waves spectra. This approach was shown to be able to account for
the observed IG waves in most cases. Nevertheless, it does not account for the observed IG wave properties
in certain events which are discussed here.

We show that storm conditions induce nonlinear deep water IG wave generation through interaction of three
waves and oscillations of wind speed. This is somewhat of a paradigm shift, as wave triads are assumed not
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Figure 1. (a) Ratio and (b) absolute values of the IG wave pressure response and wind sea pressure response, obtained
using a pressure cell deployed at 24-m depth near Haifa, Israel. (c) Ray paths of a 100-s wave originating from the
Aogashima array. (d) Ray paths of a 150-s wave originating from the midpoint of the Cascadia array. The
semitransparent red color map serves as an indicator of relative distribution of wave energy in the heart of the storm
(10% per color level), and the maximal values were 40 and 10 m?, respectively. Black dots indicate 6-hr propagation
time, and white arrows indicate mean wind speeds. IG = infragravity; WS = wind sea.

to provide a mean energy transfer between waves in deep water (Hasselmann, 1962) without the presence
of a current. Unlike other deep water mechanisms, our model also predicts IG wave generation in both
directions with respect to the wind and mostly at different frequencies than known generation mechanisms.
This new mechanism provides a plausible explanation for the IG waves arriving from far sources, with no
apparent storms at far coastlines. An observed underprediction of IG wave heights in the Pacific (Tonegawa
et al., 2018) was accounted for using the new model.

2. Observations of IG Waves Arriving From Far Sources

We first analyzed Acoustic Doppler Current Profiler measurements in the East Mediterranean basin. The

processing of the time series recorded by the pressure cell shows that the ratio of the observed IG waves and
. . . . 0.05 0.2 .

wind sea (0.05 to 0.2 Hz in this case) pressure density (p;g = [, 0 PrdSf> Pws = /005 P,df) remained mostly

constant during the measurement campaign. This indicates that the generation of IG waves during shoaling

is linearly proportional to the wind sea (about 7% in our case) and is inline with many previous observations

(Herbers et al., 1994, 1995).

However, a peak of 40% was observed on 24 January 2017 (Figure 1a). As it is impossible to generate IG
waves of such ratio during shoaling, the observed IG waves must have arrived from a far source. The values
of pressure response of wind sea are shown together with the IG wave pressure response (Figure 1b). This
shows that there is some IG energy present that cannot be explained by local conditions.

The East Mediterranean basin is relatively small with a structure which permits more complex shore reflec-
tion patterns and trapped mode effects specifically in nearshore measurements (see Smit et al., 2018with
respect to significant trapped IG energy content). Therefore, we examine the data from deep ocean mea-
surement campaigns to further investigate this theory without these possible factors. Several events where
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IG waves arrived from far sources have been observed in the eastern Pacific by deep water differential
pressure gauges of the Cascadia measurement array (Figure Sla in the supporting information). Directional
properties of the IG wave field were recovered, using an array of differential pressure cells (Neale et al., 2015).

We also investigate a more recent analysis of IG waves which was done using a measurement obtained by
an array of absolute pressure gauges about 70 km off the coast of Aogashima (Figure S1b), Japan (Tonegawa
etal., 2018). The modeled and measured significant IG wave heights during the summer months were mostly
in agreement. However, during the winter months (most notably during January and February), a major
increase of IG wave energy was observed, which is not accounted for by reflection from coasts by the hindcast
model of Ardhuin et al. (2014). Here we also use hindcast data, and we perform our own processing of the
raw Aogashima data to further investigate the IG wave properties. This data set is the focus of this work as
it provides the most comprehensive information.

3. Theory and Methods

3.1. Instrumentation and Processing Methodology

We deployed an Acoustic Doppler Current Profiler equipped with an acoustic surface tracking beam and a
pressure cell 2.7 km offshore Haifa, at a depth of 24 m. Measurements were continuously collected during
at a sampling frequency of 4 Hz. The midpoint of the Aogashima array (station A05) is used as a reference
point in the Pacific measurements. It was deployed at 1,762-m depth and also has sampling frequency of
4 Hz. As we seek to obtain only high accuracy measurements, a cutoff frequency of 0.02 Hz was deemed
appropriate, based on the linear theory and signal-to-noise ratio as shown in Tonegawa et al. (2018). Linear
transfer functions were applied on both pressure measurements.

For all pressure cells under consideration we first filter out the effects of tides. A Fourier transform is then
applied to each pressure record yielding pressure density spectra (P,). The amplitude energy spectra (E,) is
obtained by taking the absolute value of the pressure density spectrum, multiplying it by the ratio of pressure
decay divided by water density multiplied by gravity, squaring this quantity, and normalizing output

2
1 cosh kh
E =—||P 1

where N is the normalizing factor. The significant wave height of IG waves is defined as 4 times the square
root of the variance in the sought frequency range

0.02
Hyg =4 / E.df. )
0.005

3.2. Basic Properties of Nonlinear Interactions

Ocean surface waves propagate according to the dispersion relation: (27 f)? = gk tanh(kh), where w is the
angular frequency, k is the wavenumber, g is the gravitational acceleration, and h is the local water depth.
Due to the nature of the dispersion relation in deep water conditions, it is impossible for three wave inter-
actions to resonate, both in spatial (k; = k, + k;) and temporal (f; = f, = f;) domains. However, various
inhomogeneities of the wave field in space and time are able to act as an additional component (k,) to close
a Bragg resonance condition (k; = k, + k; + k;). This is one of the reasons IG waves are generated in a
shoaling process; the sea bottom changes can act as an additional component. To account for such inhomo-
geneities, some of the most common assumptions such as averaging the wind speeds over long distances
are reevaluated.

We note that there are other mechanisms of nonlinear IG waves generation in deep water (de Jong & Battjes,
2004; Sugioka et al., 2010; Uchiyama & McWilliams, 2008). While these mechanisms play a role in overall
IG wave generation, they usually create waves at different scales than those considered here (submesoscale).
Unlike other models, our model also predicts IG wave generation in both directions with respect to the wind.

The wind wave field evolution is commonly modeled using wind speeds averaged over the temporal and
spatial scales of the model (Janssen, 2004). The mean wave growth due to subgrid wind speed changes is
parametrized. Typical gusts during storms can be well described by a white noise spectrum (see Abdalla &
Cavaleri, 2002). In this paper, we consider gusts in frequencies ranging from 0.004 to 0.1 Hz. LIght Detection
And Ranging measurements show that the wind speeds are highly correlated between two points lying in
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the mean wind direction. This correlation quickly decays as the angle between the mean direction and the
two points increases (Simley et al., 2012).

The wavelength of wind gust oscillations capable of closing Bragg resonance is in the order of 1 km. Assum-
ing the gusts propagate at the mean wind speed, the periods capable of closing resonance are 1-3 min. Such
periods can correspond to general gust frequencies. Accounting for gust effects results in uneven growth
of the wave field, essentially a modulation of the free surface, which can close the Bragg resonance. This is
similar in nature to the free surface modulations in coastal waters due to bottom ripples.

3.3. Reconstruction of the Atmospheric and Ocean Conditions Along Ray Paths

To determine the direction of IG waves propagation, we have coded a dedicated ray tracing method. In
operational models, the method of propagation around great circles is usually used to trace the path of a wave
in alongitude-latitude coordinate system. For IG waves, it is also necessary to take into account the refraction
of the wave rays due to bathymetry changes. We define the water depth as a function of longitude and latitude
using the ETOPO1 data (Amante & Eakins, 2009). Latitude, longitude, and direction of propagation are a
system of ordinary differential equations (see The Wamdi Group, 1988) and are solved using Mathematica
NDSolve function with a 1-s time step. Usually, the bathymetry is smoothed, or a very large spatial step is
taken to avoid inherent problems of ray tracing (the solution is only valid for mild changes; see Thomson
et al., 2007). Here, we use a more detailed bathymetry for the numerical simulations, with 5’ resolution and
1’ smoothing. This only accounts for bathymetry elements which are on the scale of typical IG wavelenghts.

The archived European Centre for Medium-range Weather Forecasts ERA-interim, and ERA5 reanalysis
data have been used to define sea state conditions (significant wave height, mean wave direction, mean
wave period, horizontal components of wind speed at 10 m, peak gustiness at 10 m, convection velocity, and
Charnock coefficient) as functions of space and time (Dee et al., 2011). The reanalysis data have a (1/4)° spa-
tial resolution in a longitude-latitude coordinate system and temporal resolution of 6 hr. Linear interpolation
has been employed to extrapolate values between grid points in both space and time.

The energy density spectra are defined as a function of frequency (f) and direction (9) as S(f, ) = F(H)P(f, 0),
in such a way that the total energy density corresponds to the modeled significant wave height, peak direc-
tion, and peak frequency. F(f) represents the total energy density distribution, P(f, #) is the directional spread
function, and S(f, #) is the wave spectrum. Since this work aims at investigating basic properties of IG waves
generation, a rather simple definition of the spectrum is used. We assume that S(f, ) has the shape of a JON-
SWAP spectrum (Hasselmann et al., 1973) and cosine-square directional spreading, P( f,0) = cos*(8,, — 0),
where 6,, is the mean wave direction.

3.4. The Nonlinear Gustiness Wave Model

As the exact phasings of the wave field are unknown, its evolution is simulated using the wave action
equation (WAE). It describes propagation and evolution of the wave action in time and space, while dis-
carding the information on the phasings. We assume that the wind sea is not affected by IG waves, due to
their small amplitudes. Following the previous work of the authors (Vrecica & Toledo, 2016), the WAE for
IG wave components can be defined as

()EP
7 +V: (CgvPEP) = DPEng,p + Sp,nl,3’ 3

where the subscript p indicates frequency for all variables, a,, is the wave amplitude, E, = a,a_, is the
spectral component at frequency f, = Pfinin (fmin = fi is the lowest frequency under consideration), C, , is
the group velocity, and S, ;5 is the nonlinear triad source term for IG wave components due to gustiness.
Originally, the D, term represented a dissipation of wave energy; however, it can also describe the energy

input. In this paper it accounts for wave growth due to wind forcing.

The formulation for generation of IG waves by gustiness assumes that waves are able to close resonance
with wind gusts, similarly to how waves interact with bottom ripples in coastal areas. As the wind speed
oscillates in time and space, so does the growth rate incorporated inside the D, term. In order to account for
this behavior, the model of Vrecica and Toledo (2016) is adapted to evaluate the evolution of the wave field
along characteristic lines (s = t + C, ,x), which follow the wave propagation in time and space. This results
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in a formulation of the WAE nonlinear triad source term fitting for the estimation of IG wave generation by
resonant gust-triad interactions

(o)
s [S
Spns =2 D, Wy peth PrfrtDrs®c

r=—co
s 7
X / W,r,,HpErEy,pe_i/” Dr+Dp+Dr—pds dsl — (4)
0
2 ) RO16 = 0,)(V,E, B,y + V, B, E,_, o) + Oscill. Term.
r=—oo
Here, E, . and E,,_, ¢ are the spectral components which close resonance, W term is the nonlinear inter-

action coefficient in operator form, and the V term is the nonlinear interaction coefficient evaluated for
resonant components. The oscillatory term represents bound waves and is discarded. The R term indicates
the directional spreading of generated IG wave energy. In this paper it is assumed that it is evenly distributed,
as was also done in Ardhuin et al. (2014). The definition of the R and V terms can be found in the supporting
information.

Let us inspect equation (4). To illustrate how, in the presence of wind gusts, a wave triad resonance can be
closed, consider a solution of the linear WAE for a wind wave harmonic

E,(s) = E,(0)eh el ©

If the growth rate (D,) oscillates at a certain frequency, so too will a part of the wind wave component.
This oscillation in wave energy can provide the necessary component required for closing the resonance
condition.

The oscillations of wind speed are modeled according to the white noise spectral shape (Abdalla & Cava-
leri, 2002). This spectra represents expected gust properties averaged over a long time. While there may be
deviations from it, these will average out over a large number of ray paths and travel times. As these gusts
are mostly measured in one location, it is assumed that for a short distance they propagate as waves which
travel at mean wind speed (U). This allows to define their spatial wavenumber.

To estimate the resonant component of wave spectra (for example E, ) for every triad wave interaction, we
consider only gust components (k;) which modulate E, in such a way that they close the near resonance
((x+k;G =k, -k, ,+Kkg) with —0.1ks; < |a| < 0.1ks;, where kg; corresponds to wavenumber of 67-s wave,
which lies in the center of frequency range of interest. The spectra of wind oscillations, S;(f), are integrated
between these near-resonant frequencies to yield

Jb
G=f /f S/, ©)

f, and f;, are the frequencies of gusts which are taken into account (corresponding to the wavenumber mis-
match of @ outlined in previous paragraph), and W is the total gust variance. The G term represents the
resonant gust component and S;(f) represents the gustiness spectrum, which is taken as a constant white
noise within 0.004-0.1 Hz).

Consider the spectral terms inside the integral of equation (4). They will oscillate proportionally to the G
term. The phasings of the gust components will quickly evolve, so the correlation between gusts and wind
waves depends on relatively short time scales (which is why E, can be assumed as constant). Based on the
data considered in this paper, here we assume that correlation builds over distances which a T, = 67-wave
crosses in 250 s. The correlation time with respect to IG wave frequency will be ¢, = 250 C, ,/Co(T}).

The part of the wind wave component E, which oscillates at the frequency that closes resonance corresponds
to a difference of growth rates over time t;. During this time the wave propagates the distance (L; = 27 /k)
corresponding to the wavenumber mismatch t; = Lg/Cy,/2 = n/kg/C,,. This difference rate is hence
given by

Sri12 0
E, . = / ! / ' (y@u* +0.505) — y(u* — 0.50)) %GS( f,0)dfde, (7)

Sr-172 Y 0q
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where y represents the wave growth due to wind forcing, u” is friction velocity, and o represents the
standard deviation of friction velocity proportional to wind gusts, c; = ¢ G. For simplicity and without
a significant loss in accuracy, the difference rate can be assumed as constant within the spectral bin and
equation (7) can be written as a multiplication with a spectral component (E,).

The above terms were defined in Janssen (2004) and are commonly used in operational models in order
to account for mean wave growth due to gustiness effects; see Part VII : ECMWF Wave Model (2018). The
oscillatory behavior of wind gustiness can be parametrized in various ways. Here, an oscillatory wave growth
was developed using the same parametrization in order to allow for consistency in gustiness modeling which
uses the available input parameters used in operational models.

Finally, the resonant component E,
oscillatory component as follows:

».res 18 Obtained by multiplying the interaction term, correlation time, and

E .=t VE (8)

r,res cor ¥ r=r,osc*

The interacting wind wave component, for example E,_, is obtained by integrating the directional wave
spectra in the narrow directional band (+1° in this paper) around the mean wind direction (6,,)

Srpr1j2 [Om+1°
Er—p = / ! / S(f,0)dedf. (©)]
0

Sr—p-1/2 m—1°

There are two interesting points to consider. It is possible to generate waves propagating in the opposite
direction to the wind; we simply choose different wavelength of gustiness (—k; = k, — k; + k instead of
k, = k, — k5 + k). This situation is expected to be the norm because these two gust wavelengths are similar
due to the very IG wave component k,. Second, the same reasoning implies that it is possible to generate
IG waves by gusts in all directions not just in the mean wind direction as a small directional difference in
the gust component or the wind wave components results in a significant directional change of the small IG
wavenumber vector.

4. Numerical Simulations

4.1. Ray Tracing

A ray tracing approach is used to interpret measurements that may indicate offshore IG generation in the
Pacific. In (Figure 1c) we show a typical event for the Aogashima array, on 19 February. In order to determine
potential source locations of IG waves for the 5 May event (see Neale et al., 2015), propagation paths of 150-s
IG waves in space (Figure 1d) have been determined. The wind sea conditions in the storm area (including
wind speeds and relative distribution of wave variance) are also shown.

The ray paths of 200-, 100-, 67-, and 50-s waves, originating from the midpoint of the Aogashima array, are
simulated (50- and 67-s rays are shown in Figures 2a and 2b). The propagation times are 25, 33.33, 41.67,
and 50 hr, respectively. Only wave rays that propagate into the open ocean are considered. Their evaluation
stops if the water depth in the open ocean becomes shallower than 250 m. They are calculated with a 2° step,
and a total directional spread of 100° is assigned to each frequency (corresponding to spreading of waves
that propagate from deep water onto the continental shelf). Simulation of IG wave generation is performed
along these rays in the following subsection.

4.2. Modeling IG Wave Generation Along Ray Paths

An underestimation of significant IG wave height in the results of the nearshore generation-reflection model
is observed during winter, while the model performed much better during summer. Therefore, we completed
simulations for the months of January and February 2015 (periods of highest underestimation) and for June
2014 (where it performed well). The generation of IG wave components is simulated using equation (4)
along ray paths of 200-, 100-, 67-, and 50-s waves. Values of the gustiness source term are shown for selected
wave rays (Figures 2c and 2d) during 22 January. Wind sea conditions are shown in Figures S2a and S2b
for this period. The values of significant IG wave heights obtained from the measurements, modeled by the
reflection model and modeled by the combined reflection-gustiness model, are shown during the winter
months (Figure 2e) and during the summer months (Figure 2f).

4.3. Comparison of Measured and Modeled IG Wave Spectra
To gain a more in-depth understanding of IG wave properties, measured and modeled spectra are pre-
sented in Figure 3. The measured IG wave spectra show rapid oscillations (observed also in Mediterranean
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Figure 2. Ray paths of a (a) 50- and (b) 67-s wave originating from the midpoint of the Aogashima array. The wave rays
are calculated with a 2° step; the white dots indicate 12-hr travel time. Values of gustiness source term, wind speed, and
multiplication of spectral components contributing the most toward generation are normalized by their maximal values
(2.6 x10711 m? , 18 m/s, 6.3 x 10~7 m? for 50-s wave and 2.4 x 10711 m? , 17.5 m/s, 6.4 x 10”7 m? for 67-s wave) and
plotted along white ray paths that are also shown for (c) 50- and (d) 67-s IG wave ray paths. Results are obtained using
equation (4) for 21 January at 24:00. Measured (black line, 1-hr resolution) and modeled (dashed red line—reflection
model and blue line—combined model) significant IG wave height in 50- to 200-s range at Aogashima array is shown
for winter (e) and summer months (f). The simulation of IG wave generation is performed along ray paths of a 0.005-,
0.01-, 0.015-, and 0.02-Hz waves originating from the midpoint of the Aogashima array. IG = infragravity.

measurements, and in Tonegawa et al., 2018), which can be deduced from the plot of significant IG wave
heights. Therefore, we show the running mean of measured IG wave spectra in Figure 3a, the one obtained
by the combined reflection-gustiness model during winter months in Figure 3b, and the spectra obtained by
the individual source terms are shown in Figures 3c and 3d. The averaged values of measured and modeled
(all three variants) IG wave spectra are shown for winter (Figure 3e) and summer (Figure 3f).
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Figure 3. A comparison of measured and modeled infragravity wave spectra at the Aogashima array for January and
February 2015. We show (a) 10-hr running mean of measured spectra, (b) output of the combined reflection-gustiness
model, (c) output of reflection model, and (d) output of the gustiness model. Averaged spectral quantities are shown in
(e) for winter (excluding the event on 21 February) and in (f) for summer.
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5. Discussion and Conclusions

The analysis of IG wave measurements (Figure 1) gave strong indications of deep sea IG wave generation.
Measurements near the Mediterranean coast of Israel identify an event where IG waves arrived from deep
water. Some of the observed IG wave energy may be reflected from far coasts; however, it appears to be too
small to account for the entire observed variance of IG waves. The timing and directionality of the most
coherent wave rays originating from the Cascadia Array (Neale et al., 2015) coincide with a storm thousand
of kilometers offshore. A similar analysis showed the same results using measurements taken in Aogashima
station 70 km offshore Japan. These measurements gave evidence of significant deep water offshore IG wave
generation.

A new deep sea IG wave mechanism closing a nonlinear resonance condition of wave triads with a
wind gustiness component was identified. This mechanism was modeled and implemented to augment a
nearshore IG generation-reflection wave model. While there are some discrepancies, a good agreement is
found between the envelope of measured IG wave heights and the ones obtained by the combined model
of reflection from far coasts augmented by the new model for the Aogashima station measurements (see
Figure 2). While some events of high IG wave heights can perhaps be explained as underprediction of the
reflection model, in the many of the investigated events there were no strong storm systems that hit far
coastlines matching this period (Figures 2c and 2d show values of source terms for rays passing through
the storm). The results clearly demonstrate that the additional IG wave energy is proportional to quadratic
nonlinear mechanism (E*) and wind gusts.

In the investigated winter events the new gustiness model provided a significant IG wave energy (sometime
in the same order of magnitude of the nearshore generation) with good agreements with measurements. In
the investigated summer events, the results of the reflection model generally provided quite good agreements
by itself. And indeed, the implementation of the new model did not provide a significant contribution in the
summer months and hence no overprediction of IG wave energy. The reflection model is proportional to
nearshore wind sea energy H, which does not change drastically between the seasons. On the other hand,
the square of the wind sea energy in the open ocean (E* ~ H) is an order of magnitude higher during winter
(see Bromirski et al., 2013). Hence, the influence of the new deep source term on the summer spectrum is
minimal, while the influence on the winter spectrum is significant.

The assumptions used in the paper provide a first-order approximation of deep sea IG wave generation. It
follows a rationale that is used to account for gust effects on the mean wave growth in operational mod-
els. This approach allowed it to provide relatively good agreements to the measurements; however, some
discrepancies do exist. Most notably on the 20-21 February, a significant peak of IG energy was observed.
During this time a strong storm developed in coastal waters of Japan. These IG waves may have been gen-
erated by a mechanism discussed in de Jong and Battjes (2004) or an additional unknown mechanism. An
overprediction of IG wave heights on the 45th calendar day of the year (Figure 2) is likely due to the fact
that the storm and the IG wave ray directions were mostly orthogonal during this period. This leads to the
conclusion that the directional distribution of generated IG waves is not uniform which was taken as a first
approximation. Further work on the theory of wave growth under oscillating winds is required to account
for such directional IG wave generation.

Additional discrepancies are likely to arise from the fact that IG generation is based on mean wind and wave
parameters in a similar fashion to that of Ardhuin et al. (2014; i.e., an even distribution in the directional
domain using H, D, and T, aswave parameters). The inclusion of various other parameters was considered,
and the use of different spectral shapes for gustiness van der Hoven (1957) was also investigated, although
the current white noise formulation provided a better agreement in the spectral domain. Finally, difference
in growth rate due to gusts was parametrized as a function of mean wind speed only. Nevertheless, the
presented simple formulation yielded the most consistent results.

As the effect of gustiness even on the mean wave growth is a complex phenomenon and exact spatiotemporal
gustiness properties (magnitude, propagation speeds, etc.) are generally unavailable, it is difficult to inves-
tigate IG generation properties in detail. A step forward would be to run a coupled atmospheric and wave
action model with a gustiness source term. The presented analysis leads to the conclusion that submesoscale
wind variations need to be measured and investigated, as well as the possibility of their implementation into
operational wave models.
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As shown in Figure 3, the new mechanism mostly contributes to generation of IG waves at higher frequen-
cies. This is also consistent with the Aogashima measurements where the largest underpredictions of the
reflection model were in the high-frequency range. The combined reflection-gustiness model is much bet-
ter at reproducing the measured spectral shapes. The reflection-based model has mostly adequate spectral
shapes during the summer, however, even then it has some underprediction at high frequencies and over-
prediction at low ones. This spectral shape discrepancy can perhaps be explained by the fact that the used
discretization step (0.5°) is not sufficient to fully account for refraction effects in the nearshore area. Indeed,
it was shown in Smit et al. (2018) that a significant portion of IG wave energy is refractively trapped along
continental shelves, which affects lower frequencies more strongly. In addition, the reflection model always
assumes the same spectral shape of reflected IG waves (peak at 0.015 Hz), which is not necessarily the case.

In conclusion, measurements and simulations show that deep ocean storms may generate IG waves on dif-
ferent scales and directions (with and opposing direction of wind waves) than previously suggested. The
new generation mechanism involves closures of nonlinear Bragg resonance with temporal and spatial inho-
mogeneities of the medium resulting from wind gusts. Other potential sources of inhomogeneity were
considered (not presented here). They include open ocean bathymetry features, mean wave growth, and
wave breaking. However, preliminary analysis indicated that wind gusts are the dominant mechanism of IG
wave generation in the investigated events.

Indeed, IG wave generation and reflection from coastlines is a major source of deep water IG waves.
However, the new mechanism may explain wave generation which cannot be modeled by reflection from
coastlines and can also generate IG waves in higher-frequency ranges. Furthermore, depending on the geo-
graphical location and season, the gust-generated waves may be the main source of IG energy. The presented
work fills a gap in IG wave generation theory and hopefully provides a major step toward a new IG wave
forecasting model.

The gust-generated IG waves are relevant not only because of their magnitude but also due to their different
frequency range and directionality. As harbor agitations, altimetry measurements, ice-wave interactions,
and other physical processes strongly depend on these wave properties, gust-generated IG waves may have
a significant importance in various fields.
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